We calculate the spin susceptibility in the s± and s++ superconducting states of the iron pnictides using the effective five orbital model and considering the quasiparticle damping. For the experimentally evaluated magnitude of the quasiparticle damping and the superconducting gap, the results at the wave vector ≃ (π, 0) show that the s± state is more consistent with the neutron scattering experiments, while for larger quasiparticle damping and the superconducting gap, the s++ state can be more consistent. To distinguish between two cases that reproduce the experiments at the wave vector ≃ (π, 0), we propose to investigate experimentally the wave vector ≃ (π, π).
The discovery of the iron-based superconductors has received considerable attention. The high transition temperature T c 1 itself has given a dramatic impact, but the possibility of peculiar unconventional pairing state has also been an issue of great interest. In fact, it has been proposed theoretically at the early stage [2] [3] [4] [5] [6] [7] , that a natural pairing state is the so called s ± -wave pairing, where the superconducting gap is fully open, but changes its sign across the wave vector that bridges the disconnected Fermi surfaces. The sign change occurs because the spin fluctuations that develop at the Fermi surface nesting vector gives repulsive pairing interaction.
There are many experimental results which suggest that the order parameter is fully gapped in a number of iron-based materials, such as the penetration depth [8] [9] [10] and the angular-resolved photo-emission spectroscopy (ARPES). [11] [12] [13] There are also experimental suggestions that the iron-based materials are unconventional superconductors. The nuclear magnetic relaxation rate lacks coherence peak below T c 14-17 , which suggests the presence of sign change in the superconducting gap. Also in ref. 18 , integer and half-integer flux-quantum transitions in composite niobium-ion pnictide loops have been observed, which suggests the presence of the sign change in the superconducting gap. In ref.
19 , STM/STS measurements have been performed to detect the quasiparticle interference indicating the realization of the s ± gap. These experiments seem to be consistent with the s ± scenario. However, recently there has been some debate concerning the sensitivity of T c against impurities. Although some experiments show suppression of T c by impurities 20 , it has been pointed out, e.g., in refs. 21, 22 that the suppression of T c by impurities is too weak for a pairing state with a sign change in the gap. A calculation based on a five band model by Onari et al. has supported this theoretically 23 , although the strength of the impurity potential adopted there is large compared to those calculated from first principles 24 . As a possible pairing state that is robust against impurities, the so-called s ++ state, where the gap does not change its sign between the Fermi surfaces, has been proposed [25] [26] [27] . Now, it has been proposed at the early stage 5, 28, 29 that one of the promising ways to determine whether the superconducting gap indeed changes its sign between the disconnected Fermi surfaces is the observation of neutron scattering resonance at the nesting vector of the electron and hole Fermi surfaces. In fact, neutron scattering experiments have indeed observed a peak like structure in the superconducting state [30] [31] [32] [33] [34] . This has been taken as a strong evidence for the sign change in the superconducting gap. However, Onari et al. later took into account the quasiparticle damping effect in the calculation of the dynamical spin susceptibility, and showed that a peak like enhancement over the normal state values can be seen even in the s ++ state, which is due to the suppression of the normal state susceptibility originating from the damping 35 . In ref. 35 , the strength of the quasiparticle damping was estimated from the experimental results to be ∼ 10(meV) or less, but larger values (> 50(meV)) was adopted in the actual calculation, fixing the gap/damping ratio to be around unity, due to the restriction in the numerical calculation.
In the present study, we revisit the problem of the resonance peak in the neutron scattering experiment. We adopt the same formalism as in ref.
35 , but with smaller and realistic values (≃ 10(meV)) of the quasiparticle damping and the superconducting gap by taking k-point meshes up to 16384× 16384. For such small values of the quasiparticle damping and the superconducting gap, the resonance peak enhancement over the normal state susceptibility at the wave vector ≃ (π, 0) is found to be comparable to those observed experimentally, while the enhancement over the normal state susceptibility for the s ++ state remains to be small. As we increase the quasiparticle damping and the superconducting gap up to values of an order of magnitude larger, the enhancement over the normal state susceptibility comparable to the experimental results arises in the s ++ state, in agreement with the results in ref.
35 . For such a large quasiparticle damping and superconducting gap, an enhancement also occurs at the wave vector (π, π). This is in contrast to the case with the small damping, where such an enhancement does not occur at (π, π) (regardless of the pairing state). Thus, we propose that by looking also at the wave vector (π, π) in the neutron scattering experiments, one can distinguish the origin of the "resonance like" enhancement at (π, 0).
We apply multi-orbital RPA (Random phase approximation) to the five orbital model of LaFeAsO obtained in the unfolded Brillouin zone 7 , where the x-and y-axes are taken in the Fe-Fe bond direction. The orbital-dependent spin susceptibility χ(Q, E) is given as
where the interaction coefficients U abcd s = U , U ′ , J, and
, and a = d = b = c, respectively. Throughout this paper, we put J = J ′ = 0.15(eV), U ′ = U − 2J and fix the chemical potential at µ = 10.93(eV) , which corresponds to an optimally doped regime of n ≃ 6.1 (10% doping).χ 0 (Q, E) is the bare spin susceptibility expressed as
Here, χ νν ′ 0G(F ) (k, k + Q, E) denotes the normal (anomalous) part of the band-dependent BCS spin susceptibility written as
at zero-temperature (E > 0) with
with the unitary matrixǓ (k) which diagonalizes the Hamiltonian in the orbital basis. Here, we introduce the band-index ν whose energy ǫ ν satisfies the relation
There are the hole Fermi surfaces on the 2nd and 3rd bands around (k x , k y ) = (0, 0) and the electron Fermi surfaces on the 4th band around (π, 0) and (π, 0). For the 's ++ -wave', we take ∆ 2 = ∆ 3 = ∆ 4 = ∆ 0 and for 's ± -wave' ∆ 2 = ∆ 3 = −∆ 4 = ∆ 0 . As done in ref.
29 , we introduce a Gaussian cutoff for the gap ∆
, and take ∆E = 4∆ 0 . The quasiparticle damping is taken into account in the same form as in ref. 35 :
k+q )} with γ(ǫ) = a(ǫ)γ 0 where γ(ǫ) = η for |ǫ| < 3∆ 0 , γ(ǫ) = γ 0 for |ǫ| > 4∆ 0 , and linear interpolation for 3∆ 0 < |ǫ| < 4∆ 0 . 35 In the present study, the smearing factor is taken to be η = 0.5(meV) in order to consider small values (∼ 10(meV)) of γ 0 . To cope with the realistic magnitude of the superconducting gap, we take 8192 × 8192 k-point meshes throughout the paper. We have confirmed that the results do not change if we take 16384 × 16384 kpoint meshes.
We first calculate χ ′′ (Q, E) = Imχ(Q, E) at the nesting vector of the electron and hole Fermi surfaces Q = (π, π/16) for s ± and s ++ states. We adopt the values ∆ 0 = 5(meV) in (a) and ∆ 0 = 10(meV) in (b) for the superconducting gap. We take γ 0 = 10(meV) because γ 0 is estimated to be of the same order as ∆ 0 35 . The values of U are determined so that the normal state susceptibility is broadly maximized around several times of ∆ 0 as observed experimentally. As shown in Fig. 1 , the resonance peak develops above the normal state value for the s ± -wave state, which is qualitatively consistent with the previous studies 5, 28, 29 . In contrast to the case with larger quasiparticle damping and superconducting gap 35 , the spectral weight at the peak is only about three times larger compared to the normal state value, which can be considered as consistent with the experimental results [30] [31] [32] [33] [34] . We note here that not only the small ∆ 0 and γ 0 , but also the Gaussian cutoff for the superconducting gap is also effective in reducing the spectral weight in the superconducting state 36 . On the other hand, there is only a small enhancement in the case of s ++ again in contrast to the case with larger quasiparticle damping and superconducting gap 35 . Thus, within the present formalism, as far as we adopt the γ 0 value estimated from experimental results 35 and the realistic magnitude of the superconducting gap, the s ± state is more consistent with the experiments.
To see how the peak like structure develops in the s ++ state for stronger quasiparticle damping, we now calculate χ ′′ (Q = (π, π/16), E) with γ 0 = 2∆ 0 = 50(meV) as shown in Fig. 2(a) . We see that the peak structure indeed develops for such a large γ 0 and ∆ 0 , consistent with ref. 35 . The origin of the enhancement above the normal state values is mainly due to the the strong suppression of χ ′′ in the normal state by the quasiparticle damping. For such a large γ 0 and ∆ 0 , the enhancement ratio of the resonance peak in the s ± state against the normal state value becomes somewhat larger as shown in Fig. 2(b) . In fact, for even larger values of ∆ 0 and γ 0 , the resonance peak in the s ± state becomes much larger compared to the experiments, as was shown in ref. 35 . Thus, as we increase the values of γ 0 and ∆ 0 by an order of magnitude larger than the experimentally evaluated values, there is a tendency that the s ++ state becomes more consistent with the experiments than the s ± state.
So far, our results for the wave vector Q = (π, π/16) show that the s ± state is consistent with the experiments when small values of γ 0 and ∆ 0 are adopted, while s ++ can explain the experiments for large γ 0 and ∆ 0 . The former parameter values are realistic as far as the experimental evaluations are concerned, but there might remain a possibility that the effective values of γ 0 and/or ∆ 0 that should be adopted in the present formalism turn out to be larger 37 . In that sense, the possibility of s ++ state may not be ruled out. Here we propose a way to distinguish whether the peak like structure at ∼ (π, 0) originates from the resonance effect in the s ± state or the strong quasiparticle damping effect in the s ++ state. We calculate χ ′′ (Q, E) at Q = (π, π) . Q = (π, π) is the translation vector for which the two electron Fermi surfaces around (π, 0) is nearly superposed to that around (0, π). (It should be noted however that this wave vector is not the nesting vector that induces spin fluctuations since this translation superposes an electron Fermi surface on another electron Fermi surface.) We consider the two cases where the ex- perimental results can be explained at Q = (π, π/16) : (a) s ± -wave with γ = 2∆ 0 = 10(meV) and (b) s ++ -wave with γ = 2∆ 0 = 50(meV). Here we consider only the case of s ± (s ++ ) for small (large) γ and ∆ 0 because this is the combination that is consistent with the experiment at ≃ (π, 0), but we note here that actually, for each fixed parameter set, the calculation results at (π, π) are barely affected by whether the gap is s ± or s ++ because in both cases the superconducting gap does not change its sign between the Fermi surfaces separated by (π, π). As shown in Fig. 3(a) , no enhancement above the normal state values is found in the former case because the quasiparticle damping is small. On the other hand, in the latter case, we find a peak structure developing above the normal state values even at (π, π) because the effect of the quasiparticle damping is strong. Therefore, by investigating the spin fluctuations at ≃ (π, π) using neutron scattering experiments, one can distinguish the origin of the peak like structure at ∼ (π, 0) ; if an enhancement above the normal state values is found in the superconducting state at (π, π) as well as at (π, 0), its origin may well be due to the quasiparticle damping, while if an enhancement is observed at (π, 0) but not at (π, π), the quasiparticle damping is not so strong and the origin is the resonance in the s ± state.
In conclusion, we have calculated the spin susceptibility in the s ± and s ++ superconducting states of the iron pnictides by applying multi-orbital RPA to the effective five-band model and considering the quasiparticle damping. We have found that as far as we adopt the values of the quasiparticle damping and the superconducting gap evaluated from experiments, the enhancement above the normal state values at ∼ (π, 0) observed in the neutron scattering experiments is more consistent with the resonance peak in the s ± state. On the other hand, for large magnitude of the quasiparticle damping and the superconducting gap, the enhancement in the spin susceptibility of the s ++ state over the normal state values can explain the experimental results 35 , while the resonance peak in the s ± state becomes large compared to experimental observations. In case there is a possibility that the quasiparticle damping and the superconducting gap that should be adopted in the present formalism is effectively larger than the experimentally evaluated values, we propose to investigate in the neutron scattering experiments the wave vector around (π, π) in the unfolded Brillouin zone to see if there is an enhancement like those found at (π, 0) in the superconducting state.
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